Thermal-based actuators are known for generating large force and displacement strokes 1 at mesoscale (millimeter) regime. In particular, two-phase thermal actuators are found to benefit 2 from the scaling laws of physics at mesoscale to offer large force and displacement strokes; but they 3 have low thermal efficiencies. As an alternative, a combustion-based thermal actuator is proposed 4 and its performance is studied in both open and closed cycle operations. Through a physics-based 5 lumped-parameter model, we investigate the behavior and performance of the actuator using a 6 spring-mass-damper analogy and taking an air standard cycle approach. Three observations are 7 reported: (1) the mesoscale actuator can generate peak forces of up to 400 N and displacement strokes 8 of about 16 cm suitable for practical applications; (2) an increase in heat input to the actuator results 9 in increasing the thermal efficiency of the actuator for both open and closed cycles; and (3) for a 10 specific heat input, both the open and closed cycle operations respond differently -different stroke 11 lengths, peak pressures, and thermal efficiencies.
Our present work on thermal actuators builds on our prior physics-based modeling efforts of a 36 resonant heat engine for portable power applications [7, 13, 14] . In this study, through a physics-based 37 lumped-parameter model, similar to our previously developed models on free piston engines 38 [15] [16] [17] , we will investigate the behavior and performance of a mesoscale thermal actuator using 39 a spring-mass-damper analogy and taking an air standard cycle approach. Here, using the model, we 40 will predict the actuator performance for a range of operating conditions and report on the important 41 differences between the open and closed cycle operations. (1 → 2), heat addition (2 → 3), expansion (3 → 4), exhaust (4 → 5 → 6), and intake (6 → 7 → 1) 49 processes as depicted in Fig. 2 taking an air standard cycle approach [21] (Fig. 1b) . The hollow cavity represents the control volume 55 CV and contains the working fluid (air). The combustion process is modeled as a constant volume heat 56 addition process to CV for a short duration t q →0 and the heat rejection at the end of the expansion process is modeled as a mass transfer process (for open cycle) or by applying a cooling pulse (for 58 closed cycle) for a short duration t q →0 (Fig. 3 
where M is the working fluid (air) mass, h is the total heat loss coefficient, R is the mass-specific gas the scaling terms given in Eq. 6 and then written in a state space format as shown in Eqs. [7] [8] [9] [10] .
where ω = γP o S 2 mV o is a reference frequency and the overbar denotes a nondimensional term. volume ∆V 2 , pressure ∆P 2 , and temperature ∆T 2 from the compression process, 1→2 is computed 78 by integrating Eqs. [7-10] from the initial condition ∆V 1 , ∆P 1 , ∆T 1 , ∆˙V 1 = 0 for a timet 1 such that 79 the piston velocity˙V 2 = 0. The resulting volume ∆V 3 , pressure ∆P 3 , and temperature ∆T 3 during 80 the heat addition process, 2→3 is computed from Eqs. 8 and 9 by assuming it to be instantaneous 81 (∆V 3 = ∆V 2 and ∆˙V 3 = ∆˙V 2 ). The volumes, pressures, and temperatures ∆V 4 , ∆P 4 , ∆T 4 ; ∆V 6 , ∆P 6 , ∆T 6 ; 82 and ∆V 1 , ∆P 1 , ∆T 1 from the expansion 3→4, exhaust (displacement phase) 5→6, and intake processes 83 6→7→1 are computed by integrating Eqs. [7-10] from the initial conditions ∆V 3 , ∆P 3 , ∆T 3 , ∆˙V 3 = 0; 84 ∆V 5 , ∆P 5 , ∆T 5 , ∆˙V 5 = 0; and ∆V 6 , ∆P 6 , ∆T 6 , ∆˙V 6 = 0 for timest 2 ,t 3 , andt 4 respectively such that the 85 piston velocity ∆˙V 4 = ∆˙V 5 = 0 and ∆˙V 6 = ∆˙V 7 = 0. The timest 1 ,t 2 ,t 3 , andt 4 are unknowns and are 86 determined during the process of integration. The blowdown process 4→5 is assumed instantaneous, 87 isentropic, and occurs at zero piston velocity (∆˙V 4 = ∆˙V 5 = 0) and ambient pressure (∆P 5 = 0). The 88 working fluid temperature at state 5, ∆T 5 is determined using the adiabatic relation: Eqs. [7-10] from the initial condition ∆V 1 , ∆P 1 , ∆T 1 , ∆˙V 1 = 0 for a timet 1 such that the piston velocity 94V 2 = 0. The resulting volume ∆V 3 , pressure ∆P 3 , and temperature ∆T 3 during the heat addition 95 process (2→3) is computed from equations 8 and 9 by assuming it to be instantaneous (∆V 3 = ∆V 2 96 and ∆˙V 3 = ∆˙V 2 ). The volume, pressure, and temperature ∆V 4 , ∆P 4 , ∆T 4 from the expansion process The PV diagrams for both the open and closed cycles shown in Fig. 4 are generated by applying a 107 heat pulse that corresponds to lean combustion (equivalence ratio φ=0.51 [20] ) of octane in the actuator 108 (Fig. 3) . The peak pressure P 3 in the actuator for the open and closed cycles are off by a factor of 109 1.3 (Fig. 4a ). Note that the temperature rise in both the cycles are equal (∆T 23 =2064 K) because the 110 equivalence ratio for both the cycles are equal (φ=0.51). Also, note that the pressure rise ∆P 23 among 111 the cycles is different, as the density of air at the thermodynamic state 2 in both the cycles are unequal 112 -for the closed cycle, the density at state 2 is 1.10 kg/m 3 , while for the open cycle, the density at state 113 2 is 1.87 kg/m 3 . The actuator pressure at the end of heat rejection or blow down process is ambient 114 pressure (P 5 =0 kPa gage) and below the ambient pressure (P 5 =-11 kPa gage) for the open and closed 115 cycles, respectively. This is because the open cycle interacts with the surroundings via mass transfer 116 that allows the actuator pressure to quickly equilibrate to the ambient conditions, while in the closed 117 cycle there is no mechanism, that is, no mass transfer or heat transfer h=0 W/K to equilibrate the 118 actuator pressure to the ambient conditions.
119
In the context of force and displacement generated, the actuator produces a peak force of up to 120 400 N and displacement stroke of up to 16 cm (Fig. 4a ). Note that the force generated is not uniform 121 over the displacement range, but reduces in magnitude with the displacement. quantified in terms of stroke lengths, peak pressures, and indicated work.
128
For the reference actuator, the addition of extra load (an increment by 1.5 N-s/m), results in 129 shorter displacement strokes, and the addition of external work modeled by b p = −40 N-s/m during 130 the intake process 7→1 results in significantly altering the PV diagram for the open cycle (comparing 131 Fig. 4a and 4b) . The actuator performance metrics for the open and closed cycles are given in Table 1 . 
Efficiency and volume ratios 144
For a fixed equivalence ratio (say φ=0.5), a difference of about 10% in indicated thermal efficiency 145 is observed between the open and closed cycles (Fig. 6) . The higher efficiencies of the closed cycle 146 operations are because of ignoring the pumping losses in the actuator associated with the exhaust and 147 intake processes. Furthermore, as can be seen in figure, an increase in the heat input or equivalence 148 ratio φ increases the volume ratio (ER or CR). This is because a higher heat input or equivalence ratio φ 149 will result in the higher pressure at the thermodynamic state 3 (Fig. 4) , resulting in pushing the piston 150 further outward and causing higher volume ratios. In the context of power output, the actuator produces a peak output power of up to 1500 W for 163 an equivalence ratio of φ=1 (Fig. 7b ). The power output is a product of energy output and operating 164 frequency of the actuator. Despite the operating frequency moderately increasing or decreasing, the 165 trend in output power is fairly increasing -because the efficiency of the actuator and the energy input 166 or output increases with the equivalence ratio φ (Figs. 5 and 6 ). (3) for a specific heat input, both the open and closed cycle operations respond differently -different stroke lengths, peak pressures, and thermal efficiencies.
Conflicts of Interest:
The author declares no conflict of interest.
The following abbreviations are used in this manuscript: 
